Soluble reduced nicotinamide adenine dinucleotide oxidase activity in extracts of Bacillus subtilis spores was stimulated by the addition of not only flavine mononucleotide (FMN) or flavine adenine dinucleotide (FAD) but also a-a'-dipyridyl or o-phenanthroline. These chelating agents showed stronger effect on the enzyme from spores than on that from vegetative cells. Activity stimulated by a-a'-dipyridyl or o-phenanthroline was inhibited by atabrine or dipicolinic acid, whereas FMN or FAD stimulation was inhibited only by atabrine.
There have been few reports on the action of dipicolinic acid (DPA) on soluble reduced nicotinamide adenine dinucleotide (NADH) oxidase of spores of the genus Bacillus. Doi and Halvorson (4) reported that DPA stimulates the soluble NADH oxidase of the spores of Bacillus cereus T and, in vivo, would serve as the cofactor for the enzyme. Moreover, it was shown by Ashton and Blankenship (1) that the minor spore component of Bacillus cereus T, which is identical with vegetative cell-soluble NADH oxidase, is inhibited by DPA and that calcium is effective in relieving DPA inhibition.
This study shows that a-a'-dipyridyl or ophenanthroline stimulates the soluble NADH oxidase of Bacillus subtilis PCI 219 spores and that its stimulation is inhibited by DPA. The role of DPA in spores is discussed.
MATERIALS AND METHODS
Organism and cultural conditions. B. subtilis PCI 219 and Pseudomonas aeruginosa IAM 1095 were used in this study. Spores of B. subtilis were prepared from a 5-day culture of the strain grown on nutrient agar at 37 C. Vegetative cells of B. subtilis and P. aeruginosa were prepared from an 8-to 9-h culture of the strains grown in nutrient broth with shaking at 37 C. The harvested cells were washed several times with distilled water and kept frozen at -20 C until used.
Preparation of soluble fraction and particulate fraction from the washed cells. The washed cells were suspended in 20 mM phosphate buffer (pH 7.5). About 3 ml of the thick spore suspension, together with 20 g of glass beads, was treated in a 10-kc sonic oscillator at 2 to 3 C for 40 min. Vegetative cell suspension of B. subtilis or P. aeruginosa was subjected to oscillation for 10 min without glass beads. After the treatment, the broken cell suspension was centrifuged at 10,500 x g for 40 min at 4 C, and the supernatant fluid was again centrifuged at 100,000 x g for 3 h and separated into particulate and crude soluble fractions. The precipitate was suspended in a minimal volume of 20 mM phosphate buffer (pH 7.5).
Removal of free heavy metals and flavines from the crude soluble fraction of spores. Crude soluble fraction (5 ml) was applied to a column (2 by 32 cm; bed volume 100 ml) containing Sephadex G-25 suspended in 20 mM phosphate buffer (pH 7.5). Fractions (10 ml) were collected, and the fractions containing the majority of the NADH oxidase activity were pooled as partially purified enzyme solution.
Sephadex G-200 column chromatography of the mixture of the crude soluble fraction and a chelating agent. The following procedure was used in experiments to determine the mode of action of a-a'-dipyridyl or o-phenanthroline in the crude soluble fraction of spores. The mixture of 2.0 ml of the crude soluble fraction and 1.0 ml of 3 x 10-2 M a-a'-dipyridyl or 3 x 10' M o-phenanthroline was preincubated for 10 min at 25 C and applied to a column (1.5 by 24 cm; bed volume 42 ml) containing Sephadex G-200 suspended in 20 mM phosphate buffer (pH 7.5). Elution was accomplished by using the same buffer solution, and fractions of 3 ml each were collected. As a control, the same procedure was performed on the mixture of the crude soluble fraction (2.0 ml) and distilled water (1.0 ml).
Measurement of each enzyme activity. All assays were carried out with a recording Hitachi PerkinElmer spectrophotometer at 25 C by using a cuvette of 1-cm light path. NADH oxidase activity was measured spectrophotometrically at 340 nm. The reaction mixture contained 150 umol of phosphate buffer (pH 7.5), 0 cells. The highest stimulation observed for ophenanthroline was at a concentration of 10-i M, and stimulation with a-a'-dipyridyl increased with increase of concentrations over the range of 10-' to 5 x 10' M ( Fig. 1 ). The addition of FMN or FAD also enhanced remarkably the activity of the enzymes from both spores and vegetative cells. a-a'-Dipyridyl and o-phenanthroline did not stimulate soluble NADH oxidase from P. aeruginosa at all.
Nature of a-a'-dipyridyl or o-phenanthroline stimulation of soluble NADH oxidase activity of spores. To clarify the action of these chelating agents, the mixture of the crude soluble fraction and a-a'-dipyridyl preincubated at 25 C for 10 min was filtered through Sephadex G-200; the filtered, soluble NADH oxidase activity did not appear without the addition of the chelating agents, FMN or FAD. Soluble NADH oxidase and a-a'-dipyridyl gave different peaks in the elution patterns (Fig. 2B) , and the peak of elution pattern of soluble NADH oxidase obtained from the control was the same as that obtained from the mixture containing a-a'-dipyridyl ( Fig. 2A) . The mixture of the crude soluble fraction and o-phenanthroline also showed the same elution pattern as the mixture of the crude soluble fraction and a-a'-dipyridyl.
To further ascertain the action of the chelat- ing agents on the enzyme, the partially purified soluble NADH oxidase activity was measured anaerobically upon the addition of a-a'-dipyridyl or FMN. a-a'-Dipyridyl addition completely stopped the decrease in optical density at 340 nm (Fig. 3 showed almost the same activity as measured aerobically; o-phenanthroline stimulation was also stopped under anaerobic conditions. From these results, it appears that a-a'-dipyridyl and o-phenanthroline do not act as chelators to remove metals which are combined with the enzyme and do not accept hydrogen from the enzyme.
Effect of DPA and its analogues on soluble NADH oxidase activity of spores. DPA has been reported to replace FMN partially as the coenzyme of soluble NADH oxidase from B. cereus T spores (4). In addition, DPA stimu- lated the soluble NADH oxidase and DPA stimulation was inhibited by atabrine, which is a flavine analogue. On the other hand, Ashton and Blankenship (1) have reported that DPA inhibition of soluble NADH oxidases was observed in crude extracts of both spores and vegetative cells of B. cereus T.
In this experiment, 5 x 10-2 M DPA inhibited 41% of soluble NADH oxidase activity in crude soluble fraction of B. subtilis spores, 92% of a-a'-dipyridyl stimulation, and 91% of ophenanthroline stimulation ( Table 2 ). The addition of 5 x 10-2 M isocinchomeronic acid to the reaction mixture stimulated by about twofold the enzyme activity without the addition of any other stimulator and by about 5.5-fold the enzyme activity with o-phenanthroline. Lutidinic acid and quinolinic acid stimulated by about 1.4-and 1.5-fold the o-phenanthrolinestimulated enzyme, respectively, but the former inhibited 55% of the a-a'-dipyridyl-stimulated enzyme, and the latter inhibited 26% of it.
As previously reported (9) , 49% of particulate NADH oxidase activity of B. subtilis spores was inhibited by 5 x 10-3 M o-phenanthroline, and a-a'-dipyridyl did not inhibit the enzyme activity at all. Moreover, in this experiment it was shown that DPA and its analogues had little or no effect on the particulate NADH oxidase activity (Table 2) .
DPA or atabrine inhibition of the soluble NADH oxidase activity of spores stimulated by a-a'-dipyridyl or o-phenanthroline. Inhibitory action of DPA was examined more precisely by using the enzyme solution from which free heavy metals and flavines were removed by Sephadex G-25 column chromatography. Stimulation pattem by a-a'-dipyridyl or o-phenanthroline of the partially purified enzyme solution was the same as that of the crude soluble fraction shown in Fig. 1A .
DPA almost completely inhibited both a-a'-dipyridyl and o-phenanthroline stimulation of the partially purified soluble NADH oxidase in spores, slightly inhibited FMN stimulation, and did not affect FAD stimulation at all (Fig. 4) ; ethylenediaminetetraacetic acid showed the same inhibitory pattern a-that of DPA (Fig. 5) . On the other hand, atabrine, a flavine analogue whose concentration is less than that of DPA, almost completely inhibited a-a'-dipyridyl and o-phenanthroline stimulation as well as FMN and FAD stimulation (Fig. 4) . a-a'-Dipyridyl or o-phenanthroline stimulation was inhibited competitively by DPA and non-competitively by atabrine. The inhibitor constants (Ki) for atabrine determined by using a-a'-dipyridyl and o-phenanthroline were 1.1 x 10-6 M and 3.6 x 106 M, respectively, and those for DPA were 1.5 x 10-' M and 3.6 x 10-M (Fig. 6) (6) , and the inactive glucose dehydrogenase obtained from heated spores changes to an active form by DPA (5) . Halvorson et al. (7) found that DPA stimulated NADH cytochrome c reductase and diaphorase of spores and vegetative cells of B. cereus T, and Doi and Halvorson (4) demonstrated that it also stimulated the soluble NADH oxidase of spores. Moreover, it has been shown that minor spore component My data show that a-a'-dipyridyl and ophenanthroline stimulate soluble NADH oxidase activity of B. subtilis spores, and stimulation by them is inhibited non-competitively by atabrine and competitively by DPA. Moreover, the coexistence with the chelating agents was essential for the stimulation of the enzyme activity, and the addition of the chelating agent to the reaction mixture under anaerobic conditions did not show any stimulative effect on the enzyme activity. Judging from these facts, it appears that a-a'-dipyridyl and o-phenanthroline do not act as a chelator but have an action to facilitate the transfer of hydrogen from the flavine enzyme to oxygen without accepting hydrogen for themselves, unlike FMN or FAD. However, the detailed mechanism could not be demonstrated in this experiment.
A mechanism for the inhibition by DPA of the a-a'-dipyridyl or o-phenanthroline-stimulated enzyme is also unclear. Atabrine almost completely inhibited all of the stimulation by FMN, FAD, a-a'-dipyridyl, and o-phenanthroline, but DPA inhibited only the stimulation by a-a'-dipyridyl and o-phenanthroline (Fig. 4) 
